Proliferating cell nuclear antigen (PCNA), a processivity factor for DNA polymerases δ δ δ δ and ε ε ε ε, is essential for both DNA replication and repair. PCNA is required in the resynthesis step of nucleotide excision repair (NER). After UV irradiation, PCNA translocates into an insoluble protein complex, most likely associated with the nuclear matrix. It has not previously been investigated in vivo whether PCNA complex formation also takes place after oxidative stress. In this study, we have examined the involvement of PCNA in the repair of oxidative DNA damage. PCNA complex formation was studied in normal human cells after treatment with hydrogen peroxide, which generates a variety of oxidative DNA lesions. PCNA was detected by two assays, immunofluorescence and western blot analyses. We observed that PCNA redistributes from a soluble to a DNA-bound form during the repair of oxidative DNA damage. 
INTRODUCTION
Proliferating cell nuclear antigen (PCNA) is an essential protein involved in the replication of genomic DNA (1, 2) . PCNA is a processivity factor for DNA polymerase and interacts with polymerase , as well as other factors involved in replication (3, 4) . The close association of PCNA with the kinase complexes involved in the cell cycle machinery (5) suggests that PCNA has a role in the control of cell cycle progression (6) (7) (8) (9) . In addition to DNA replication, PCNA is an important component of nucleotide excision repair (NER), mismatch repair (10) (11) (12) and base excision repair (BER) (13, 14) . When NER is reconstituted with purified factors in vitro, PCNA is required for the resynthesis step (15) .
In actively replicating cells, a trimeric form of PCNA is found in close association with the replicating forks and this form of PCNA is resistant to extraction with non-ionic detergents. In quiescent cells, PCNA is largely in a soluble form. However, treatment of quiescent cells with UV light triggers the formation of an insoluble chromatin-bound PCNA complex, very similar to that found in S phase cells (16) . This transition of PCNA from a soluble to an insoluble form occurs very rapidly after UV irradiation and correlates with NER capacity (17, 18) as NER-deficient human xeroderma pigmentosum complementation group A (XP-A) cells fail to show any detectable PCNA complex after UV damage (19) . PCNA complex formation after UV is also deficient in XP-F and XP-G cells, which are deficient in the dual incisions on the 5-and 3-sides of the damaged DNA (20) . Hence, PCNA complex formation reflects NER activity in mammalian cells (18) .
Recent studies have suggested a role for PCNA in the BER pathway, which is the major mechanism for the removal of DNA bases that are modified by spontaneous hydrolysis, oxidation or exposure to alkylating agents (21) . In a reconstituted system of Xenopus oocytes, it was shown that the repair of apurinic/apyrimidinic (AP) sites involved DNA polymerase and in a PCNA-dependent fashion (13) . DNA polymerase -mediated BER in mammalian cell extracts is inhibited by an antibody to PCNA suggestive of its involvement in BER (22) . This is further supported by a recent demonstration of an association between PCNA and uracil-DNA glycosylase in human cells (23) . Although in vitro studies have demonstrated a role of PCNA in BER, its relevance under in vivo conditions has not been studied. In this study, the involvement of PCNA in the BER pathway was investigated in vivo following treatment of cultured human cells with hydrogen peroxide to generate oxidative DNA damage. PCNA complex formation was assessed by direct visualization of the insoluble complex by immunofluorescence and by western blotting using a mouse monoclonal antibody to PCNA. In normal human cells, we observe efficient PCNA complex formation after hydrogen peroxide treatment. Complex formation was also efficient in XP-A cells (which are deficient in PCNA relocation after UV irradiation). Thus, PCNA complex formation appears to be associated with BER of oxidative DNA damage. We then analyzed this process in Cockayne syndrome group B (CS-B) cells, and found that it was deficient. This observation supports our recent findings of a general global DNA repair defect in CS-B cells in the BER pathway (24) .
MATERIALS AND METHODS

Cell lines and culture conditions
Normal human fibroblast (GM 38A), XP-A (GM 00544B) and CS-B (GM 00739 and GM 1428) cells were obtained from the Coriell Cell Repository (Camden, NJ). All the cells were routinely maintained in 2 minimal essential medium (MEM) supplemented with 15% fetal bovine serum, vitamins, 2 mM glutamine, essential amino acids, non-essential amino acids and antibiotics. The cells were grown at 37C in a humidified 5% CO 2 atmosphere.
Cell cycle analysis
The cells were trypsinized and washed with phosphate-buffered saline (PBS) and fixed in 70% ethanol. Fixed cells were centrifuged once and washed with PBS. They were then incubated with RNase A (100 g/ml) at 37C for 30 min and subsequently stained with propidium iodide (1 g/ml, 20 min at room temperature) prior to DNA content analysis. An orthodiagnostic cytofluorograph system equipped with a 488 nm excitation source was used to measure the DNA content of the cells.
Treatment with hydrogen peroxide
Normal, XP-A and CS-B cells were made quiescent by growing them in low serum (0.2%)-containing medium for at least 2 days prior to treatment with hydrogen peroxide. The cells were treated with different concentrations of hydrogen peroxide (100 M-2.5 mM) for 15 min in complete medium. Following treatment, the cells were washed once in PBS and fresh complete medium was added to the cells and incubated for different times. In some experiments, cells in exponential growth were treated with hydrogen peroxide as described above.
Detection of PCNA by indirect immunofluorescence
Cells were grown on glass chamber slides for immunofluorescence. The slides were treated with hydrogen peroxide for 15 min and incubated for an additional 15 min. The slides were treated for 8 min with a hypotonic lysis solution containing 10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl 2 , 1 mM PMSF and 0.5% Nonidet P-40 on ice. They were then washed once in PBS and fixed in ice-cold ethanol (25) . The slides were washed in PBS containing 0.2% Tween 20 and incubated for 30 min at 37C in PBS containing 5% non-fat dried milk (NFDM). The slides were washed in PBS/Tween 20 and incubated for 1 h in 100 l mouse anti-PCNA (PC 10 clone; Santa Cruz Biotechnology, USA) diluted 1:10 in PBS/Tween 20/5% NFDM. The slides were then extensively washed in PBS/Tween 20 and incubated for 1 h with goat anti-mouse IgG2a conjugated with fluorescein isothiocyanate (FITC; Boehringer Mannheim, USA) diluted 1:100 in PBS/Tween 20/0.5% NFDM. The slides were washed in PBS/Tween 20, counterstained for DNA with 25 l propidium iodide (0.1 g/ml prepared in Vectashield mounting medium; Vector Laboratories, USA) and covered with a cover glass. The images were captured using confocal microscopy.
Measurement of PCNA fluorescence intensity in cells
The fluorescence intensity of PCNA in control and H 2 O 2 -treated cells was measured by random scanning of cells using an orthodiagnostic cytofluorograph system equipped with a 488 nm excitation source to measure FITC intensity. A total of 5000 cells were scanned for PCNA intensity for each cell line. The relative intensity of PCNA in the treated cells was divided by that of control cells to determine the increase in PCNA intensity after H 2 O 2 treatment.
Protein extraction, SDS-PAGE and western blot analysis
Soluble and insoluble proteins were prepared following the protocol of Prosperi et al. (25) . At different post-incubation times, 6-8 10 6 treated and mock-treated cells were lysed for 8 min on ice in hypotonic buffer as described before. The cell lysates were centrifuged at 3000 r.p.m. for 5 min and the supernatant containing the soluble proteins was recovered. The pellet fraction containing the detergent-insoluble fraction was lysed for 20 min with 200 l of 20 mM phosphate buffer (pH 8.0) containing 0.5 M NaCl, 1 mM EDTA, 0.75% Triton X-100, 10% glycerol, 5 mM MgCl 2 and 1 mM PMSF. The proteins were recovered by centrifugation at 12 000 r.p.m. for 5 min. Protein concentration was determined with a Pierce protein assay kit. Aliquots of 20 g of soluble and insoluble proteins were fractionated by 4-20% polyacrylamide gradient gel electrophoresis and blotted onto PVDF membrane following the standard protocols (Novex, USA). The membrane was incubated with TBST (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 0.2% Tween 20) buffer containing 5% NFDM for 60 min at room temperature. The membrane was then incubated with mouse monoclonal antibody to PCNA (PC10, 1:1200 dilution in TBST/5% NFDM; Santa Cruz, USA) for 1 h and washed three times (5 min each) in TBST buffer. The membrane was incubated with HRP-conjugated anti-mouse IgG antibody (1:2400 dilution; Vector, USA) for 1 h followed by repeated washing in TBST buffer. The signal was detected using the enhanced chemiluminescence method (ECL) following the manufacturer's instructions (Amersham, USA). The PCNA band intensities were quantified by densitometer scanning of the fluorographs and expressed as arbitrary units in the histograms.
Preservation of PCNA trimeric structure by protein crosslinking
The trimeric structure of PCNA was preserved for SDS-PAGE by the addition of glutaraldehyde to a final concentration of 0.1% to the insoluble protein extracts (26) from control and hydrogen peroxide-treated cells. The proteins were kept on ice for 10 min and the reaction was terminated by addition of lysine to a final concentration of 0.1 M (27) .
RT-PCR analysis of PCNA expression
In order to determine PCNA expression in all the cell lines, RT-PCR was carried out. Aliquots of 1 g of total RNA isolated with RNeasy mini kit (Qiagen, USA) were used for RT-PCR. An Access RT-PCR kit (Promega, USA) was used according to the manufacturer's specifications. This system utilizes avian myeloblastosis virus reverse transcriptase (AMVRT) for first strand synthesis and DNA polymerase from Thermoflavus (Tfl) for the second strand synthesis and DNA amplification. Briefly, 1 g of total RNA was mixed with 0.2 mM dNTPs (dCTP, dGTP, dATP and dTTP), 50 pmol of upstream and downstream primers for PCNA (Intron 5; Gibco BRL), 1 mM MgSO 4 , AMVRT (0.1 U/l), Tfl polymerase (0.1 U/l) and AMVRT/Tfl reaction buffer. The total volume of the reaction was made up to 50 l with sterile water. The tubes were kept at 48C for 45 min. The tubes were then transferred to the PCR machine and the samples were amplified for 35 cycles after an initital denaturation at 95C for 2 min. Each cycle consisted of 95C for 30 s, 55C for 30 s and 72C for 82 s. The PCR products were analyzed on a 1.2% agarose gel. DNA molecular weight marker (VIII; Boehringer Mannheim) was used to determine the size of the PCR fragment.
RESULTS
Immunofluorescent staining of PCNA in hydrogen peroxide-treated cells
Fixation of cells with organic solvents such as methanol revealed both soluble and insoluble forms of PCNA. In order to investigate the detergent-insoluble form of PCNA, cells were treated with a hypotonic buffer containing 0.5% Nonidet P-40 to release the unbound PCNA. The insoluble PCNA was then detected using a mouse monoclonal antibody and indirect immunofluorescence microscopy. Since the PCNA complex triggered by DNA damage is readily detectable only in quiescent cells, normal, XP-A and CS-B cells were synchronized at G 0 /G 1 with growth medium containing low serum. Flow cytometric analysis indicated that >90% of the cells were in G 1 stage (data not shown). Untreated normal cells showed a faint homogeneous staining for PCNA in the cytoplasm (Fig. 1) . Treatment of normal cells with 2.5 mM hydrogen peroxide caused an intense staining of PCNA foci after a post-incubation time of 15 min in the interphase nuclei (Fig. 1) . The PCNA distribution pattern observed after hydrogen peroxide treatment in normal cells was similar to that obtained in cells after UV exposure (data not shown). The fluorescence intensity of PCNA staining in hydrogen peroxide-treated XP-A cells was similar to that in normal cells. However, in CS-B cells it was reduced. Quantitation of PCNA immunofluorescence in~5000 nuclei of treated cells from each of normal (GM 38A) and two CS-B cell lines (GM 1428 and GM 00739) revealed that the intensity was reduced tõ 50-70% of normal in both CS-B cell lines (Fig. 2) .
Western blot detection of PCNA complex formation in normal cells
Two forms of PCNA exist with regard to its association with nuclear substructures: (i) a detergent-insoluble form which is seen in S phase and in UV-irradiated quiescent cells; and (ii) a soluble form which is observed in non-S phase cells. In order to detect which forms of PCNA are associated with the nucleus of hydrogen peroxide-treated quiescent cells, a hypotonic lysis procedure was followed to release the unbound, soluble PCNA. The cells were lysed in a hypotonic buffer containing 0.5% Nonidet P-40. The lysates were then spun and the supernatant was collected (soluble proteins). The proteins that were tightly associated with the nuclear substructures (detergent insoluble, complex formation) in the pellet fraction were subsequently solubilized with 0.5% Triton X-100. The time course of PCNA complex formation was determined in untreated and hydrogen peroxide-treated normal cells at different post-incubation times (0, 15, 30 and 60 min). The soluble and insoluble proteins were isolated and run on 4-20% SDS-PAGE gels to determine the relocation of PCNA. In the untreated cells, PCNA was predominantly found in the soluble portion (S) at all time points (Fig. 3A, S) . About 90% of the total PCNA was found in the soluble proteins (Fig. 3B ). After treatment with hydrogen peroxide, most of the PCNA relocated to the pool of insoluble proteins (Fig. 3A and B) . This demonstrates that PCNA relocates from a soluble state to an insoluble complex following oxidative stress.
The PCNA complex was next analyzed in normal human cells after treatment with different concentrations of hydrogen peroxide (0.1, 0.2, 0.5, 1 and 2.5 mM). The insoluble proteins were isolated 15 min after hydrogen peroxide treatment. Western blotting showed enrichment of PCNA at all the doses tested (Fig. 4A) . The time course of complex formation is analyzed in Figure 4B . The 0 h post-incubation time represents no repair incubation after treatment with hydrogen peroxide, but it is seen that PCNA complex formation took place even during treatment. It can also be seen that the enrichment of PCNA in the insoluble protein pool gradually decreased with increasing post-incubation time (Fig. 4B) .
We also determined PCNA complex formation in exponentially growing normal human cells by western blot analysis. In contrast to the observations in quiescent cells, there was no change in the quantity of PCNA detected in the insoluble proteins after hydrogen peroxide treatment (Fig. 5) .
Analysis of PCNA trimeric structure in control and hydrogen peroxide-treated normal cells
The functional form of PCNA is often phosphorylated and exists as a trimeric structure, which is loaded onto the DNA template in the presence of replication factor C (RF-C) (28) . In order to determine whether the chromatin-bound PCNA which is formed after oxidative damage also occurs in a functional trimeric form, the insoluble proteins isolated from normal cells were crosslinked with glutaraldehyde to preserve the PCNA trimeric structure. In the H 2 O 2 -treated cells, monomeric and trimeric forms of PCNA were clearly detectable, while both of these forms of PCNA were absent in the insoluble fraction in untreated cells (Fig. 6 ). Although PCNA trimeric structure was found in the H 2 O 2 -treated cells, there was no increase in 
Western blot analysis of PCNA complex formation in normal, XP-A and CS-B cells
The relocation of PCNA into insoluble proteins after oxidative stress was next analyzed in normal, XP-A and CS-B cells. Analysis of detergent-insoluble proteins showed that there was a 4-to 5-fold enrichment of PCNA after hydrogen peroxide treatment in both normal and XP-A cells (Fig. 7A) . Thus, XP-A cells are proficient in PCNA complex formation.
To quantitate PCNA complex formation in CS-B cells, insoluble proteins (15 g ) from untreated and treated normal and CS-B cells were run in the same gel and PCNA was detected by immunoblotting. Equal loading of proteins was confirmed by Coomassie brilliant blue staining. Quantitation of the PCNA band intensity revealed that PCNA relocation was reduced by 1.7-fold in CS-B cells as compared to normal cells ( Fig. 7B and  C) . This result was consistent in three independent biological experiments.
UV-induced PCNA complex formation in normal, XP-A and CS-B cells
PCNA complex formation triggered by UV irradiation was analyzed in normal, XP-A and CS-B cells. Corroborating earlier results (19) , the PCNA complex was not detectable in XP-A cells after UV damage while there was 9-fold enrichment of PCNA in UV-treated normal cells (Fig. 8A and B) . Interestingly, CS-B cells, which are defective only in transcription coupled repair (TCR) of active genes, showed an intermediate response regarding PCNA relocation after UV (Fig. 8B) .
PCNA expression in normal, CS-B and XP-A cells
In order to verify whether or not the observed deficiency is due to a reduced level of PCNA in CS-B cells, RT-PCR as well as SDS-PAGE of total cellular proteins was carried out in all the cell lines. RT-PCR of total RNA isolated from the two normal (GM 38A and NHDF), two CS-B (GM 00739 and GM 01428) and one XP-A (GM 00544B) cell lines revealed a band of 190 bp fragment of PCNA (Fig. 9A) . There was no striking difference in the level of PCNA expression between different cell lines. Western blot detection of PCNA in total cellular proteins isolated from two normal (GM 38A and NHDF) and two CS-B (GM 00739 and GM 01428) cell lines also did not show any dramatic difference in the PCNA protein level (Fig. 9B) .
DISCUSSION
PCNA, an important cofactor for DNA polymerase , is involved in both DNA replication and DNA repair. The mechanism responsible for the functional transition of PCNA from replication to repair is poorly understood. This transition is likely to occur at the post-translational level in which the p53-dependent cyclin-cdk inhibitor p21 plays a central role (29) . After exposure to DNA damaging agents, there are changes in the distribution and complex formation of PCNA.
The transition from a soluble to a DNA-bound insoluble PCNA form is considered to be a reliable marker for PCNAdependent polymerase activity in both DNA replication and repair (10, 17, 30) . The increase in the DNA-bound fraction of PCNA observed after oxidative stress in this study indicates that PCNA is involved in the BER process. PCNA relocation was observed only in the nuclei of hydrogen peroxide-treated cells and not in untreated control cells, indicating that this process is specific in relation to DNA repair activities. The distribution of PCNA foci in hydrogen peroxide-treated cells was homogeneous throughout the nucleoplasm and this pattern was very similar to that obtained after UV damage. The amount of PCNA detected in the pool of insoluble proteins increased steadily up to 15 min after hydrogen peroxide treatment and the treated cells showed a 5-fold enrichment of PCNA as compared to untreated cells. Similar to what was found for UV-induced NER (18) , PCNA complex formation after oxidative damage correlated with BER activity. PCNA often forms a trimeric sliding clamp in vivo, which is then loaded onto DNA by RF-C. This is considered to be the functional form that enhances the processivity of polymerase . The finding that PCNA mainly occurs in the trimeric form after exposure to oxidative stress further strengthens the concept that PCNA relocation is a consequence of BER activity.
Using immunofluorescence and flow cytometry, Savio et al. (31) demonstrated formation of the PCNA complex in normal human cells after treatment with alkylating agents and hydrogen peroxide. In our study we have extended these results and used western blot analysis of insoluble proteins to more precisely quantitate PCNA complex formation. In normal cells, the PCNA complex was rapidly formed after oxidative stress and the level of PCNA declined to that of untreated cells by 6 h. This time-dependent association of the PCNA complex with nuclear substructures may correlate with completion of BER in the cells.
Recent studies have demonstrated a requirement for PCNA during the resynthesis step of NER (10, 11) . Aboussekhra and Wood (17) showed that PCNA complex formation is associated with NER activity. The insoluble PCNA form is not detectable in NER-deficient XP-A cells following UV damage (19) . This complex formation is also deficient in cells from patients harboring mutations in XPG and XPF genes whose products are responsible for dual incisions at the 3-and 5-ends of the damaged DNA (17, 32) . Thus, efficient PCNA complex formation is triggered by the incision activity of NER in response to DNA damage. XPA is a damage recognition NER protein, which is pivotal for UV-induced PCNA complex formation (33) and there is no solid evidence for a role of XPA in the BER pathway. The efficient PCNA complex formation observed in XP-A cells after oxidative stress in this study shows that PCNA-dependent (long patch) BER activity does not require the XPA gene product.
Miura et al. (33) observed efficient PCNA complex formation in XP-A cells after treatment with X-irradiation. X-rays induce a spectrum of DNA base modifications, many of which are processed by BER initiated by DNA glycosylase (34) . The DNA damage induced by oxidative agents like hydrogen peroxide is often mediated by free radical species generated via Fenton-like reactions and by reactive peroxidation products. Hydrogen peroxide can also cause DNA strand breaks (35) , even at the low concentration of 100 M in cultured cells. The similarities observed in terms of PCNA complex induced by X-rays and hydrogen peroxide in XP-A cells suggest the existence of a common PCNA-dependent BER activity in mammalian cells induced by DNA base damage and strand breaks.
In contrast to normal and XP-A cells, CS-B cells consistently showed reduced PCNA complex formation after hydrogen peroxide treatment. This deficiency, however, is not due to the reduced level of PCNA in CS-B cells. RT-PCR and immunoblot analyses showed similar levels of PCNA expression in normal and CS-B cells. CS-B cells are deficient in the repair of UV-induced pyrimidine dimers from the transcribed strand of active genes, TCR (36) . The TCR deficiency in CS cells also extends to -irradiation-induced DNA damage and oxidative base damage (37, 38) . XP-G/CS-B cells are deficient in TCR of thymine glycol induced by hydrogen peroxide (38) . In addition to the TCR deficiency, a recent study from our laboratory demonstrated a global deficiency in the incision of 8-oxoguanine in an in vitro repair assay (24) . Thus, CS-B cells appear to be deficient in the overall genome repair of some oxidative base lesions. The reduced PCNA complex formation in CS-B cells detected by both immunofluorescence and western blot analyses may be due to deficient incision of certain oxidative base lesions. A consequence of the deficient DNA repair may be the accumulation of oxidative DNA base lesions and this may again lead to the molecular pathogenesis of CS (24, 38) . CS-B cells also showed reduced PCNA complex formation after UV damage. In an earlier study, we demonstrated that TCR of pyrimidine dimers is important for efficient PCNA complex formation in hamster cells (18) . The similar situation observed in the present study in human CS-B cells reinforces the importance of the TCR pathway for fast kinetics of PCNA complex formation after both UV and oxidative damage.
BER involves both short and long patch repair pathways in mammalian cells. Short patch repair is a single nucleotide replacement whereas long patch repair is of 2-6 nt (39) . Long patch BER is seen after the repair of reduced or oxidized AP sites (40) . Several studies have shown the involvement of PCNA in long patch repair (13, (41) (42) (43) . Gary et al. (44) demonstrated that PCNA facilitates excision during long-patch BER through its interaction with FEN-1 (Flap endonuclease 1). This indicates a requirement for PCNA not only during resynthesis but also during excision, which has also been shown for mismatch repair (12) . In addition to PCNA, a number of NER factors (XPG, RPA, XPA and TFIIH) exhibit a time-dependent transient immobilization at the nuclear matrix and possibly contribute to the formation of a repairosome complex. The formation of an insoluble PCNA trimeric structure after oxidative DNA damage suggests that PCNA may play a predominant role in the assembly of such a complex during the BER process. This possibility is strengthened by the observed interaction of PCNA and FEN-1 (43) . PCNA, due to its interactions with a number of replication and repair proteins, may be a common mediator in the connection between the NER and BER pathways.
